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PREFACE 

This report is one of a series documenting the results of the Swedish-
American cooperative research program in which the cooperating scientists 
explore the geological, geophysical, hydrological, geochemical, and struc
tural effects anticipated from the use of a large crystalline rock mass as 
a geologic repository for nuclear waste. This program has been sponsored 
by the Swedish Nuclear Power Utilities through the Swedish Nuclear Fuel 
Supply Company (SKBF), and the 0. S. Department of Energy (DOE) through 
the Lawrence Berkeley Laboratory (LBL). 

The principal investigators are L. B. Hilsson and 0. Degerman for 
SKBF, and K. G. W. Cook, P. A. Witherspoon, and J. E. Gale for LBL. Other 
participants will appear as authors of the individual reports. 

Previously published technical reports are listed below. 

1. Swedish-American Cooperative Program on Radioactive Waste Storage in 
Mined Caverns by P. A. Witherspoon and O. Degerman. (LBL-7049, SAC-01). 

2. Large Scale Permeability Test of the Granite in the Stripa Mine and 
Thermal Conductivity Test by Lars Lundstrom and HSken Stille. 
(LBL-7052, SAC-02). 

3. The Mechanical Properties of the Stripa Granite by Graham Swan. 
(LBL-7074, SAC-03). 

4. Stress Measurements in the Stripa Granite by Hans Carlsson. (LBL-7078, 
SAC-04). 

5. Borehole Drilling and Related Activities at the Stripa Mine by P. J. 
Kiirfurst, T. Hugo-Persson, and G. Rudolph. (LBL-7080, SAC-05). 

6. A Pijot Beater Test in the Stripa Granite by Hans Carlsson. (LBL-7078, 
SAC-06). 

7. An Analysis of Measured Values for the State of Stress in the Earth's 
Crust by Dennis B. Jamison and Neville G. W. Cook. (LBL-7071, 
SAC-07). 

8. Mining Methods Used in the Underground Tunnels and Test Rooms at 
Stripa by B. Andersson and P. A. Halen. (LBL-7081, SAC-08). 

9. Theoretical Temperature Fields for the Stripa Heater Project by 
T. Chan, Neville G. W. Cook, C. F. Tsang. (LBL-7008, SAC-09). 



EDITOR'S NOTE 

The two papers contained herein discuss some of the fundamental con

siderations on the thermomechanical aspects of repository design. Although 

fundamental in scope, both papers also contain specifics which have signi

ficantly influenced the design of the heater experiments at Stripa. 

The first paper, "An Appraisal of Kard Rock for Potential Underground 

Repositories of Radioactive Waste," by Neville G. W. Cook, was first 

printed in October 1977, as LBL Report #7004. The second, "In Situ Heat

ing Experiments in Hard Rock: Their Objectives and Design," by Neville 

G. w. Cook and Paul A. Witherspoon, was presented at the Seminar on In situ 

Heating Experiments in Geological Formations held at Ludvika, Sweden, in 

September 1978. This meeting was sponsored by the Nuclear Energy Agency 

of the Organization for Economic Cooperation and Development (OECD), in 

cooperation with the Swedish Nuclear Fuel Supply Company (SKBF). The 

latter paper is incorporated in the processings of that meeting. 



Part I* 

AN APPRAISAL OF HARD ROCK FOR POTENTIAL 
UNDERGROUND REPOSITORIES OF RADIOACTIVE WASTES 

Neville G. W. Cook 
Division of Earth Sciences 

Lawrence Berkeley Laboratory 
and 

Department of Materials Science 
and Mineral Engineering 

University of California, Berkeley 

SYNOPSIS 
Underground burial of radioactive wastes in hard rock may be an effective and safe 

means of isolating them from the environment and from man. The mechanical safety and 
stability of such an underground repository depends largely on the virgin state of stress 
in the rock, groundwater pressures, tbe strengths of the rocks, heating by the decay of 
the radioactive wastes, and the layout of the excavations and the disposition of waste 
cannisters witbin them. A large body of pertinent data exists in the literature, and 
each of these factors has been analysed in the light of this information. The results 
indicate that there are no fundamental geological nor mechanical reasons why repositories 
capable of storing radioactive wastes should not be excavated at suitable sites in hard 
rock. However, specific tests to determine the mechanical and thermal properties of 
the rocks at a site would be needed to provide the data for the engineering design of a 
repository. Also, little experience exists of the effects on underground excavations of 
thermal loads, so that this aspect requires theoretical study and experimental validation. 
The depths of these potential repositories would lie in the range from 0.5 km to 2.0 km 
below surface, depending upon the strength of the rock. Virgin states of stress have 
been measured at such depths which would retard the ingress of groundwater and obviate 
the incidence of faulting. A typical repository comprising three horizons each with a 
total area of 5 km 2 would have the capacity to store wastes with thermal output of 240 &W. 
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1. INTRODUCTION 

Nuclear wastes have had to be stored 
now for more than three decades. Large 
quantities of radioactive waste are cur
rently stored at a number of surface sites, 
and the quantity is increasing each year. 

Though every precaution is taken to 
protect the environment and man from the 
adverse effects of this material, surface 
storage does not appear to be an effective 
nor practicable long-term solution. Even 
the most carefully managed surface storage 
may not be adequately secure against 
events such as major meteorological or 
geological disasters, acts of terrorism, 
war and political turmoil. 

Archeological and geological experi
ence provides cogent evidence that subsur
face burial gives long term protection to 
a wide variety of different objects against 
disasters such as those mentioned above, 
amongst others. 

Some underground mines have been in 
existence for more than a century and many 
mines use excavations fifty or more years 
old. A wealth of experience exists con
cerning the design and construction of 
underground excavations for civil and 
mining engineering purposes. In the 16 
countries of the OECD (Organization for 
Economic Cooperation and Development), 
this Involves the annual construction of 
the order of 50,000 km of tunnels alone 

Thim work war prepared under the auspices of the (/. s. Departmnt of Energy. 
* This report may be ordered separately as LBL-7004. 



(OECD Advisory Report on Tunneling, 1970). 
This experience covers most kinds of rocks 
in virtually every terrain and climate, 
beneath land and water, and down to depths 
approaching 4 km below surface. 

Accordingly, it is logical to explore 
the feasibility of using appropriate under
ground storage for the effective isolation 
of radioactive wastes. This involves the 
study and evaluation of the many different 
aspects of this potential solution. One 
of these aspects concerns the safety and 
stability of the excavationn of such a 
repository. 

As a beginning, this necessitates an 
examination of the potential effects on 
such excavations of the virgin state of 
stress in the rock, the stability of, and 
interaction between, adjacent excavations 
and the consequences of heating of the 
rock by the radioactive decay of the waste. 
In this report, these questions are ad
dressed in general terras. 
2. THE VIRGIN STATE OF STRESS IN THE ROCK 

In general the vertical component of 
the virgin state of stress in rock has a 
value close to that given by the weight of 
the overburden. Departures from this may 
occur in areas of uneven topography at 
depths below surface shallow compared with 
the relief, or in and close to inclusions 
and intrusions of rock with mechanical 
properties different from those of the 
surrounding rock, 

A significant number of attempts has 
been made to measure the complete virgin 
state of stress in rock at different lo
cations and depths throughout the world. 
These measurements have shown that the 
values of the horizontal components of 
this state of stress range from about a 
third to three times that of the vertical 
component. A compilation of many of these 
measurements has been done by Hoek and 
Brown (1977), and is shown in Figure 1. 
From this it can be seen that relatively 
high values of the horizontal components 
of stress tend to be a shallow phenomenon, 
possibly associated with the effects of 
rapid denudation (Voight, 1966). 

The value of the vertical component 
of rock stress is, on average, some 2.7 
times greater than the hydrostatic head of 
water at the same depth, that is, the 
value of the ratio of the hydrostatic head 
to the vertical stress is 0.37, as is il
lustrated also in Figure 1. This is a 
result of the ratio between the average 
density of rock and that of water. 

For many r^qwons, the preferred depth 
of an underground repository for the 
storage of radioactive waste in rock is 
likely to be in the range from a half a 
kilometer to two kilometers below surface. 

Within chis range, the virgin state of 
stress in the rock at any potential repos
itory site should meet three criteria: 

i) The value of the minimum horizon
tal component of this state of stress 
should be significantly greater than that 
of the hydrostatic head of water at the 
same depth. Otherwise, such near vertical 
joints and cracks as exist in the rock may 
not be tight against groundwater or could 
be opened by the pressure of its hydro
static head. 

ii) The ratio between the values of 
maximum and minimum components of this 
state of stress should be relatively small, 
so as to obviate the likelihood of 
faulting, even in the presence of hydro
static water pressures. If the value of 
the minimum component of the state of 
stress is Lp, where p =» the hydrostatic 
pressure, then the value of the maximum 
component must be less than Mp to preclude 
fault movement, 
where 
(M-l)p= [(p 2 + 1)^ + u ] 2 ( L - l)p, (1) 

and u = coefficient of friction (Jaeger 
and Cook, 1976). 

Equation (1) can be written as 

M = [(u 2 •*• Dh + u ] 2 (L-l) + 1 (2) 

and solved for a range of values of p and 
L, as given in Table 1 below. If the 
vertical component is the maximum princi
pal stress, the value of M is about 2.7. 
This excludes those combinations of y and 
L in the upper, left half of Table I. 

TABLE I 

Values of M (the ratio between the value 
the value of the maximum component of the 
virgin state of stress and the hydrostatic 
pressure at any depth) for different val
ues of p (the coefficient of friction) and 
L (the ratio between the minimum value of 
the virgin state of stress and the hydro
static pressure at the same depth). 

y 
Values of M for: 

y 
L=1.33 L=1.5 L=1.75 L=2.0 

0 . 4 1.73 2.10 2.66 g£3.20^, 
0 . 6 2.04 2.56 <Xf3.35X $££ •"' a"l 
0 . 8 2.43 3.16 4.24 5.32 

1.0 2.92 3.90 5.34 6.80 
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Figure 1. The ratio between measured values of the average of the 

horizontal components and the vertical component of the 
virgin state of stress as a function of depth. The 
hatched region between 500 m and 2000 m below surface 
represents those states of stress which would preclude 
faulting and diminish the ingress of groundwater. The 
contours marked 100 MPa, 200 MPa and 300 MPa define, 
those parts of this region within which it is consid
ered safe to place a repository if the uniaxial com
pressive strength of the rock has these values. (Data 
from Hoek and Brown, 1977) 

Also, as it may be unsafe to assume 
that u is greater than O.G, the value of L 
should be 1.75 or more. Therefore, only 
the hatched region of Table I can be con
sidered to represent safe combinations of 
y and L, such that fault movement is not 
likely to occur even along pre-existing 
fractures. 

iii) The maximum stress difference 
should be less than some safe value. An 
argument for a value for this difference 
of 25 MPa is presented below. 

The upper bound to the values of the 
measured horizontal components of the 
virgin state of stress derived by Hoek and 
Brown can be expressed as: 

25 0.005z, (3) 
the average value of the hori
zontal components of stress 
(MPa) 
the value of the vertical com
ponent, approximately 0.025z 
(MPa), and 
the depth below surface (m). 

Equation (3) suggests that the maximum 
stress difference which rocks near the sur
face can sustain may be about 25 MPa. 
However, the definition of a^ as an average 
value introduces a degree of ambiguity into 
this interpretation. If the vertical com-



4 
ponent, o v, is the minimum principal 
stress, then a ni 2. ̂ h2 £ a v , where c nj ard 
°h2 a r e t l l e t w o horizontal principal 
stresses. In this case, the stress dif
ference given by equation (3) is exact for 
°hl = °h2 o r m a y correspond to only half 
this difference, that is, (o di - a v)/3 if 
°h2 = °v- If °hl i s t h e maximum principal 
stress and a n2 is the minimum principal 
stress then o ni >. a v >. 0h2i and the stress 
difference by equation (3) corresponds to 
(°hl/ 2) ~ av f o r t n e extreme case of 
°h2 = °* Thus, the actual difference be
tween the components of the virgin state 
of stress may be two or more times greater 
than, but not less than, the value defined 
by equation (3). Therefore, it seems rea
sonably safe to assume that the value of 
the maximum principal stress should not 
exceed the value of the minimum principal 
stress by more than 25 MPa. 

Assuming that the value of the ver
tical component of the virgin state of 
stress is either the (Haximum or the minimum 
principal stress and that the values of 
the horizontal components are comparable, 
that portion of Figure 1 falling within 
the criteria described above is delineated 
and shown hatched. 
3. THE STRENGTH OF ROCK AROUND EXCAVATIONS 

Underground excavations can have many 
different configurations. In mining, these 
are dictated largely by the desire to ex
tract a relatively high proportion of the 
ore. In civil engineering, large equip
ment must often be accommodated. Neither 
of these requirements seems to be impor
tant in laying out the excavations for an 
underground repository of radioactive 
wastes. Probably the most important con
sideration in this case is the safety, 
stability and security of the excavations. 
In general, therefore, such excavations are 
likely to take the form of a series of ad
jacent but more or less independent tunnels. 
This results in simple, safe excavations 
with a high degree of isolation between 
each tunnel. 

Based on laboratory measurements of 
the strengths of small intact specimens of 
rock and theoretical analyses of the 
stresses around tunnel-like excavations, 
rock failure would not appear to be a 
significant problem. However, it is gen
erally accepted that such a simple approach 
does not accord with reality. It neglects 
at least two important factors, namely, 
the effects of size and of geologic sfcru-
ture on the strength of rock. 

Size is thought to have a significant 
effect on the strength of geologic mate
rials but there is a dearth of quantitative 
data on this question. Jaeger and Cook 
(1976) devote a Chapter to this subject, 
discussing both experimental results and 
Weibull's statistical theory. Most of the 

experimental informatioh that is available 
concerns more or less cubical specimens of 
coal. Evans and Pomeroy (1958) and Evans, 
Poraeroy and Berenbaum (1961) quote a wide 
range of crushing strengths for cubes of 
coal, the mean and modal values of which 
vary as 

= Ka •d (4) 
where o • the crushing strength; 

K - a constant; 
a * the side length of the cube, 
d • an exponent with values be

tween 0.17 and O.S?. 

From a statistical analysis of case 
histories of pillars in coal mines Salamon 
and Munro (1967) concluded that the 
strength of a pillar decreases inversely 
with size as its voltime to the power 0.067, 
which accords well with the values for d 
given in equation (4) above. Data for 
hard rock are even more sparse than for 
coal. Pratt et aJ obtained the results 
reproduced inTigure 2 for laboratory and 
in situ specimens of quartz diorite, sho
wing a pronounced effect of size on 

£ 500 
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Figure 2. A diagram illustrating the effect 
of size on the uniaxial compres
sive strength of quartz diorite. 
(From Pratt et al, 1972) 



5 
strength. However, Obert et al (1946) and 
Hodgson and Cook (1970) found size to have 
little effect on strength. Clearly, this 
is an important matter that cannot be 
settled now for want of sufficient data. 

In practice, the behavior of rock 
around many excavations is determined by 
its structure and the presence of geolog
ical discontinuities (Hoek, 1977). How
ever, little is to be gained in terms of 
a general, as distinct from a site specific, 
attempt to evaluate this phenomenon. A 
worst case analysis always results in rock 
failure and any less demanding theoretical 
assumptions, no matter how obscure they 
are, merely beg the question of specific 
data on the frequency, character, orien
tation and properties of such discontinu
ities. 

Nevertheless, it is necessary to form 
some idea of the magnitude of the effects 
of size and of geologic discontinuities on 
the strength of hard rock, in order to 
evaluate its potential as a location for 
an underground repository of radioactive 
wastes. Some guidance may be gained from 
an examination of the values of the field 
stresses known to have caused damage to 
tunnels in hard rock. Cook (1976) showed 
that failure by slabbing of the sidewalls 
of tunnels about 3m square occurred when 
the major component of the field stress 
to which these tunnels was subjected, 
reached a value of between 0.1S and 0.30 
times the uniaxial compressive strength 
of laboratory specimens. The tunnels were 
in argillaceous and arenaceous quartzites 
of the witwaterstrand System, in which the 
median spacing of all joints is of the 
order of 10meters. These data, covering a 
range of uniaxial compressive strengths 
from 170 UPa to 336 MPa, are plotted in 
Figure 3. They suggest that the most 
likely value for the ratio of the value of 
the major field stress at which failure 
around such a tunnel becomes apparent to 
the uniaxial compressive stress is 0.18, 
and that this value increases as the 
strength of the rock decreases. 

In the absence of any better information, 
assume that a safe value for the ratio of 
the field stress to the uniaxial compres
sive strength is 0.15. Those regions of 
Figure 1 in which it would then be safe to 
site tunnels in rocks with uniaxial com
pressive strengths of 100 UPa, 200 MPa and 
300 UPa are shown by the relevant contours. 
From these it appears that the uniaxial 
compressive strength of the rock at a suit
able site probably should be at least 
200 MPa. 

Probably a repository would comprise 
a number of adjacent tunnels. Any inter
action between these tunnels will increase 
the likelihood of failure. It is probably 
desirable that tbey be so spaced as to 
virtually eliminate the effects of inter-

400 
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Figure 3. Diagrams showing the ratio 
between the maximum value 
of the field stress at 
which sidewall failure of 
tunnels in hard rocks oc
curred and the uniaxial 
compressive strengths of 
the rock concerned, and 
the numbers of these fail
ures. (Data from Cook, 
1976) 

action. From experience it is known that 
adjacent tunnels interact adversely if 
their diameter is more than a third of 
their centre-to-center spacing. In Figure 
4 is plotted the average stress concentra
tion in the pillars between a series of 
adjacent, parallel tunnels and the maximum 
stress concentration at the circumference 
of such a series of tunnels of circular 
cross-section, as a function of the ratio 
between the tunnel diameters and their cen
ters. Notice how the slope of the curves 
representing the stress concentrations in
creases as the ratio of diameter to center 
spacing. From this derives the propensity 
for instability. Accordingly, it seems 
advisable to choose a ratio of diameter to 
center spacing significantly less than a 
third, say, 0.2. 
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Figure 4. The average and maximum stress 

concentrations between a series 
of adjacent circular tunnels as 
a function of the ratio of the 
diameter to the center spacing, 

4. THERMOUECUANICAL EFFECTS 
4.1 Short-term. Local Phenomena 

It seems likely that the radioactive 
wastes which may be buried in a repository 
will be sealed in steel cylinders probably 
measuring about 0.3m in diameter by about 
3.0m in length (OWI, 1976). At this stage, 
the composition of these wastes is uncer
tain. If they were to be high-level wastes, 
they would have a time-dependent heat out
put such as is illustrated in Figure 5. 
The average thermal load from such a waste 
cannister after 10 years is of the order 
of 1 kw but the peak load is a strong 
function of the age of the waste. 

It is well known that temperature is 
an important agent in the degradation of 
rock. Thermal degradation occurs in sev
eral ways. 

Uany minerals undergo changes as a 
result of increasing temperature. For ex
ample, some clay minerals change as a re
sult of dehydration at temperatures of less 
than 200°C. Such changes are accompanied 
by changes in volume, which affect the 
mechanical properties of the rocks of 
which these minerals may be part. 

Even in the absence of changes in com
position slow, uniform heating of rock can 
have a major effect on its mechanical pro
perties. Most rocks are polycrystalline 
aggregates of different minerals and cemen-
titious materials. The thermomecbanical 
properties of the various minerals usually 
differ from one another, and these proper
ties for any one mineral are seldom iso
tropic. Therefore, even in the absence of 
thermal gradients, differential thermal ex
pansion of individual crystals and between 
different crystals sets up high deviatoric 
stresses within the rock. The coefficients 
of linear thermal expansion per °C for 

$ n — i — i — i — i — • — i — i — i — r 
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Figure 5. The power output of a standard, 
high-level waste cannister as 
a function of time and the 
heat flow from a planar iso
thermal source. (Data on radio
active waste from OWI, 1977) 

common minerals lie in the range from zero 
to more than 10*5 f o r temperatures of up 
to 100°C (in certain directions some of 
these coefficients actually have negative 
values) (Clark, 1966). Thus, even modest 
increases in temperature, of the order of 
100°C, can result in differential strains 
of the order of 1 0 - 3 . As the elastic con
stants of these minerals are of the order 
of 50 GPa this may give rise to differen
tial stresses of the order of 50 MPa, 
which is of the same order as the cohesive 
shear strength of rock. It is not surprising, 
therefore, that changes in temperature of this 
order may degrade the mechanical strength of 
many rocks. However, this phenomenon does 
not appear to have been studied quantita
tively to any great extent. Jaeger and 
Cook (1976) refer to the effects of slowly 
heating a sample of marble to 500°C and 
then allowing it to cool slowly. The per
manent changes brought about by this ther
mal cycle are shown in Figure 6. From this 
Figure it can be seen that the uniaxial 
compressive strength of this marble was 
reduced from an initial value of about 75 
MPa to about 15 MPa, but with increased 
confining pressure the triaxial compres
sive strength rapidly approached that of 
the original marble. What the effects of 
size, discussed in Section 3, on this 
phenomenon may be are not known. 

There are many different ways in 
which the thermoioechanical stresses induced 
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Figure 6. A diagram showing the effect of 
thermal decrepitation on the 
triaxial strength of marble. 
(From Jaeger and Cook, 1976) 

by temperature gradients may be calculated. 
If the elastic and thermal coefficients 
can be regarded as independent of temper
ature, these stresses can be expressed 
very simply in terms of a thermomechanical 
factor, the mean and actual temperature 
changes, and a geometrical factor 
(Timoshenko and Goodier, 1951). 

For short periods of time, the tem
perature field around a cannister approx
imates that from a line source and for 
intermediate periods of time it approaches 
that from a point source. The thermo
mechanical factor for both cases is 

°r * (1^)2 **- | x 10 3 

- aE 
" (l-\>) (T - h x 10 J 

(6) 

(7) 

(9) 

°r - °e " 70J) (T - T) x 103 (8) 

°r + "e " jBo T X l o 3 

where a = the radial component o* 
r stress (MPa); 

o. * the tangential component of 
stress (MFa); 

T = the mean temperature change 
inside a radius r (°C), and 

T = the actual temperature change 
at a radius r (°C). 

Likewise, these stresses for a point 
source aro given by: 

a = " E 2T , 03 
CTr (1-v) 3 x 1 0 

CT6 " (1-v) & - <T - |) x 10 3 

(10) 

(ID 
a E (T - T) x 10 3 (12) (1-v) 
ctE 

(1-v) (T + ~) x 10
3 (13) 

Notice that the geometrical factor 
for the line source in equations (6) and 
(7) is 1/2, and those for the point source 
in equations (10) and (11) are 2/3 and 
1/3, respectively, These equations 
should, therefore, provide reasonably 
close bounds to the actual values of the 
thermomechanical stresses around cannis-
ters. 

F = o£ (5) (1-v) ' 
where a = the coefficient of linear 

thermal expansion ( ° C - 1 ) ; 
E = Young's modulus (GPa), and 

v = Poiison's ratio. 
Note that it is in fact this thermo

mechanical factor as a whole which must 
be more or less independent of temperature, 
rather than the individual constants. 

Using the convention of positive com
pressive stresses, the radial and tangen
tial stresses and their sums and differ
ences for an infinite line source are given 
by: 

The mean and actual temperature 
changes at various radii from an infinite 
line and a point source have been calcu
lated using the standard formulas for the 
conduction of heat in solids (Carslaw and 
Jaeger, 1959). The line source has a pow
er output of 400 watts per meter, that is, 
1 kW over 2.5 m of length, and the point 
source has a power output of 1 kff. The 
properties of the rock have been assumed 
as: conductivity 2.5 W/m °C; density 
2600 kg/m 3, and specific heat 0.9kJ/kg°C. 
Values of these temperatures for times of 
15 days and 90 days are given in Tables II 
and III, and are plotted in Figure 7. No 
values for radii less than 0.5 m are given, 
because in practice the cannisters are in
tended to be placed in boreholes with a 
radius of about 0.2 m. A time of 15 days 
is sufficiently short for the temperature 
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Figure 7. The mean and actual temperature 
changes as a function of radius 
from a line and a point source 
at 15 days and 90 days. The 
line source has a power output 
of 400 W/m and the point source 
1 ktf. 

field still to be distinctly transient in 
character, but at 90 days it is approaching 
the steady-state distribution of tempera
tures quite closely. 

The values of the corresponding radial 
and tangential components of stress in
duced by these temperature distributions 
have been calculated from equations (6), 
(7) and (10), (11), assuming that the 
thermomechanical factor, equation (5), has 
a value of 10~ 3 GPa/°C. These are given 
in Tables II and III, and are plotted in 
Figure 8 for the infinite line source. 

One of the most interesting and im
portant features to emerge from this 
analysis is the modest values of the ther
mal stresses. True, these apply to a 
power output of 1 kW, but even if the 
power level were to be increased four fold 
to 4 kW the maximum compressive and mini
mum tensile stresses would only just ap
proach the likely uniaxial compressive and 
tensile strengths of the rock. 

Z 3 
Radius (m) 
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Figure 8. The thermally induced radial, 
o r and tangential, a 0, stres
ses as a function of radius 
from a line heat source of 
400 W/m at 15 days and 90 
days. Note the negative (ten
sile) values of the tangen
tial stress at large radii. 

The sums and differences of the ther
mal stresses have been plotted on a Mohr 
diagram in Figure 9. The most generally 
accepted criterion for the failure of hard 
rock is the Coulomb criterion (Jaeger and 
Cook, 1976). Also a Mohr envelope for a 
Coulomb criterion with values typical of 
a hard rock with a uniaxial compressive 
strength of 200 MPa is shown in this Fig
ure. It can be seen that nowhere does the 
rock approach failure, even if the thermal 
stresses were quadrupled by increasing the 
power output to 4 kW. 

However, the above analysis is defi
cient in one important respect; it neglects 
the fact that the source of heat is likely 
to be placed in a borehole. The axial 
component of the thermal stress around a 
line heat source is the same as the tan
gential component at the surface of a bore
hole and both are given by 

u e " (l-v) (14) 

where o and ofl = the axial and tangential 
z components of stress. 

The remaining symbols 
are as defined above. 

These values are plotted for a bore
hole with a radius of 0.2 m in Figure 9 
for times of 15 days through 90 days and 
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TABLE II 
llean and actual temperature changes at different radii from a infinite 
line heat source with a power output of 400 W/m, together with the cor
responding thermal stress, 15 days and 90 days after the start of 
heating. 

Radius 
(m) 

Temperatures at 
15 days (°C) Temperatures at 

90 days (°C) 
Stresses at 

15 days and 90 days (MPa) Radius 
(m) 

Mean Actual Mean Actual °r °e 
0.5 
0.75 
1.0 
1.5 
2.0 
3.0 
4.0 
5.0 

38 
32 
26 
20 
14 
7 

33 
23 
17 
10 
5 
1, 

64 
56 
50 
40 
34 
24 
18 
14 

55 
45 
38 
28 
22 
13 
8 
5 

19.0 32.0 
16.0 28.0 
13.0 25.0 
10.0 20.0 
7.0 17.0 
3.5 12.0 

9.0 
7.0 

14.0 23.0 
7.0 17.0 
4.0 13.0 
0 8.0 
-2.0 5.0 
-2.5 1.0 

-1.0 
-2.0 

TABLE III 

llean and actual temperature changes different radii from a point source 
and the corresponding thermal stresses for a power output of 1 kW 
15 days and 90 days after the start of heating. 

Radius 
(m) 

Temperatures at 
15 days (°C) Temperatures at 

90 days (°C) 
Stresses at 

15 days and 90 days (MPa) Radius 
(m) 

llean Actual Mean Actual °r °e 
0.5 
0.75 
i 0 
1.5 
2.0 
3.0 
4.0 
5.0 
6.0 

74 
49 
34 
19 
11 
6 

SO 
29 
18 
8 
4 
2 

77 
51 
39 
25 
18 
11 
8 
6 
5 

60 
38 
26 
IS 
10 
7 
5 
4 
3 

49.3 51.3 
32.7 34.0 
22.7 26.0 
12.7 16.7 
7.3 12.0 
4.0 7.3 

5.3 
4.0 

25.3 34.3 
12.7 21.0 
6.7 13.0 
1.7 6.7 
0.6 4.0 

0 3.3 
2.3 
2.0 
1.2 

Note: As in Table II the values of 09 must become negative at large radii 
to maintain equilibrium, but these negative values are lower than in 
Table II because of the large cross-sectional areas of a sphere at these 
radii. 
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Figure 9. A Mohr diagram comparing the 

average values of the differ
ences and sums of the princi
pal thermally-induced compo
nents of stress around line 
(400 W/m) and point (1 kW) 
heat sources at 15 days and 
90 days and the axial and 
tangential components of 
stress on the wall of a bore
hole, with the strength of a 
typical, hard rock. 

are the greatest values of stress found 
around these heat sources. 

According to equation (14), large 
thermal compressive stresses must be ex
pected in directions parallel to the axis 
of, and tangential to the surface of, the 
borehole containing the cannisters. At 
90 days, for a hole with a radius of 0.2m, 
the temperature is estimated to be about 
80°C for a power output of 1 kW, corre
sponding to stresses of 80 UPa. As the 
minimum, or radial, compressive stress on 
the walls of such a borehole is zero in 
the absence of support, failure of the 
walls of the borehole in axial compression 
could possibly occur at a power output of 
1 kW and is probable at a power output of 
4 kff. Such failure is not likely to 
damage a well-designed cannister but would 
certainly make its retrieval a difficult 
operation. 

4.2, Long-term. Regional Phenomenon 

In the previous section, the short-
term effects of heat flow from individual 
cannisters have been evaluated. At some 
time, the temperature fields between ad
jacent cannisters will interact to a sig
nificant extent. At this stage, the local 
effects become less important than the 
overall flow of heat into the surrounding 
rock from the whole array of cannisters 
in a repository. 

Most concepts for underground repos
itories involve one or more near plane 
horizons of excavations, within which the 
cannisters are contained. As the lateral 
dimensions in this plane are envisaged to 
be of the order of a kilometer, the long-
term heat flow can be approximated as one-
dimensional flow into the surrounding rock 
mass normal to this plane. 

Important questions which must be 
examined are the temperatures on the hori
zon of a repository as a function of the 
waste cannister density, and the heat flow 
into the surrounding rock as a function of 
time. 

At present it is not the intention to 
produce high-level waste by reprocessing 
used fuel, but the characteristics of high-
level waste do provide some guidance con
cerning the thermal characteristics of 
wastes which may have to be isolated in a 
repository. The power output of a stan
dard cannister of high-level waste as a 
function of time has been shown in Fig
ure 5, Section 4.1. The decline in power 
output with time of this waste becomes 
significant in the long term. It is con
venient that this characteristic can be 
approximated closely by the power output 
of a plane, isothermal heat source, as is 
also indicated in Figure 5. Using the 
standard equations for linear heat con
duction (Carslaw and Jaeger, 1959), and 
remembering that heat flows away from a 
repository both upwards and downwards, 
Table IV has been prepared, showing the 
power densities for different temperatures 
of tt. 3 repository horizon and the corre
sponding areas required by each high-
level waste cannister at 20 years after 
reprocessing, assuming that they are 
cooled for 10 years before burial. 

Using the same equations, the dis
tances, away from the plane of the re
pository, to which the isotherms repre
senting 50 percent, 25 percent and 10 per
cent of the source temperature migrate as 
a function of time nave been calculated, 
and are given in Table V. 

These data show that the heat released 
by the decay of the wastes migrates only a 
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TABLE IV 

The average power density for a planar repository at 10 years after load
ing and the corresponding area required for each cannister with a power 
output of 1.7 kW at 20 years after reprocessing for different tempera
tures of the repository horizon. 

Repository Temperature (°C) 

50 100 200 300 
Power density (W/m ) 7.9 15.8 31.6 47.4 
Area per H.L.W. Cannister (m ) 

(1.7 kW at 20 years) 
220 110 54 36 

TABLE V 

The normal distance away from a planar repository oat to which 
the isotherms representing 50 percent, 25 percent and 10 
percent of the source temperature migrate as a function of 
time. 

Time (years) 12.5 25 50 100 

Distance (m) 50 percent 19.6 27.6 39.1 55.0 
25 percent 32.5 46.0 65.0 92.0 
10 percent 47.5 67.0 95.0 132 

relatively small distance away from the 
plane of the repository even over long 
periods of time; this justifies the use of 
one-dimensional heat flow in the analysis. 
It shows also that it is practicable to 
consider a repository comprising a number 
of horizons separated by a normal distance 
of the order of 200 m. 

The stresses induced in the rock 
mass around a repository horizon by ther
mal expansion resulting from the temper
ature field described in Table V, must be 
considered. In the absence of specific 
knowledge concerning the shape of a repos
itory, detailed analysis is not warranted. 
The extent of the heated mass of rock in 
directions parallel to the plane of the 
repository, is likely to be much greater 
than its extent normal to this plane. 
Therefore, the shape of the heated roc'-, 
mass will tend to be elliptical or ellip
soidal. In general, the values of ther
mally-induced stresses around such shapes 
are significantly less in the vicinity of 
their short axis than they are in the 
vicinity of their long axis. The values 
of the tangential tensile stresses in
duced outside a circular cylinder or 
sphere, heated to a uniform temperature, 
are only half those at the ends of the 
long axis of a flat elliptical cylinder 

or oi an ellipsoid (Timoshenko and Goodier, 
1951). 

Accordingly, equation (11) may be 
used to estimate the thermally-induced 
tangential stress normal to the plane of 
a repository, recognising that: 

a) The temperature gradient along 
this plane outside the axis of the repos
itory is so steep that temperature changes 
outside the repository can be disregarded 
in a first approximation, and 

b) The maximum value of the stress 
tensile concentration normal to the plane 
of the equator of an ellipsoid is twice 
that around a sphere with a diameter equal 
to that of this equator. The results of 
such a calculation are as shown in Figure 
10, for a repository heated by an average 
of 100°C. From this Figure, it can be 
seen that the value of the thermally-
induced tension exceeds the value of the 
vertical stress caused by the overburden 
for radial distances from the edge of the 
repository of the order of a few hundred 
meters, depending upon the depth below 
surface and the average temperature of the 
repository. 
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Figure 10. A diagram illustrating 
the thermally-induced 
tension nromal to a 
plane containing s. 
circular repository as 
a function of radius, 
for an average increase 
in the temperature of 
the repository of 100°C. 

4.3. Other Modes of heat flow 
The processes of convection and mass 

transfer often overwhelm the effects of 
heat conduction. Therefore, it is impor
tant to estimate the order of magnitude of 
potential modes of convection and mass 
transfer on the temperatures around a re
pository. 

The specific heat of water is about 
4.2 kJ/ liter °C. Assume that any water 
flowing through the rock in the vicinity 
of a cannister may have its temperature 
increased by an average of 25°C. In this, 
event, a flow of a little less than 0.01 
liters per second would be sufficient to 
dissipate 1 kW of power. To estimate 
whether or not such a flow rate is fea
sible, assume that the cross-section of a 
plane through the volume of rock around a 
cannister, within which such flow may 
occur, has an area of 10 5 cm 2. The per
meability of the rock mass at any suitable 
repository site is expected to be signif
icantly less than 0.1 millidarcy. To 
achieve a flow of_10 cm 3 per second through 
an area of 10° cm with a permeability of 
0.1 millidarcy would require a pressure 
gradient of 1 bar per cm. 

Two different values of the pressure 
gradient should be considered; the hydro
static head, and that caused by a tempera
ture difference of about 25°C. The hydro

static head corresponds to a pressure 
gradient of almost 10~ 3 bar per cm. The 
coefficient of volumetric thermal expan
sion of water is about 0.5 x 10~ 3 per °C. 
For an average temperature difference of 
25°C, this corresponds to a differential 
head of about 12 lor, per meter or almost 
12 x 10~ 6 bar ier cm. Both these gradients 
are significantly less than that of 1 bar 
per cm which would be needed to generate 
a flow of about 10 cm 3 per second. 

If heat flow were to take place by 
mass transfer as a result of boiling the 
water, the quantity of water needed to 
dissipate 1 ktf of power decreases to less 
than 0.5 cm 3 per second, in virtue of the 
relatively high latent heat of water. The 
pressure gradient necessary to maintain 
this flow would decrease correspondingly 
to about 5 x 10~ 2 bar per cm. This value 
is greater than that corresponding to the 
hydrostatic head. A local pressure grad
ient comparable in value with the hydro
static head could be generated as a result 
of the displacement of water by steam. It 
would appear, therefore, that heat flow 
by mass transfer as a result of boiling is 
not likely. 

5. DISCUSSION 

Although a number of questions, such 
as the effect of radiation on the rock 
around cannisters, has not been addressed 
in this appraisal, there appear to be no 
fundamental reasons why a repository for 
the isolation of radioactive wastes should 
not be excavated underground in hard rock. 
One question which does arise is whether 
or not such a repository would be able to 
accommodate a significant proportion of 
the waste to be generated. Amongst others, 
Blomeke and Bond (1976) suggest that the 
total installed nuclear capacity may reach 
1200 GW by the year 2000, and indicate that 
the accumulated thermal power of the high-
level wastes may be about 770 Mff by the 
same date. For different repository tem
peratures, the area of repository required 
to isolate 10,000 high-level waste cannis
ters, assuming that they are cooled for 10 
years before burial (cf Figure 5) and 
using the data from Table IV, is found to 
be of the order of a km 2 per year as given 
below in Table VI, 

These areas are large but it seems 
quite practicable to think of a repository 
with an area per horizon of 5 km 2 and, say, 
3 different horizons separated by 200 m, 
that is, a tota] area of 15 km 2 per repos
itory. If a repository temperature of 
100°C were chosen, one such repository 
would be adequate for the isolation of 
wastes with a power output of 240 Mtf at 10 
years after burial, which comprises a sub
stantial fraction of all the high-level 
wastes produced from 1200 GW of installed 
nuclear capacity, especially if they are 
cooled for 10 years before burial. 

file:///-20-


TABLE VI 

The area of repository required to accomodate 10,000 
waste cannisters after cooling for 10 years for dif
ferent repository temperatures. 

Repository Temperature °C 
I 2 

Area (km ) 

50 
2. 

100 
1.1 

200 300 
0.54 0.36 

Another practical problem concerns the 
size and layout of the tunnels for a re
pository. To accommodate cannisters of 
the length currently envisaged, namely, 
about 3 ra and for convenience of excava
tion, a tunnel with lateral and vertical 
dimensions of between 4 m and 5 m is 
preferred. However, in Section 3 it was 
advocated that these tunnels should occupy 
not more than 20 percent of the area of a 
repository. Accordingly, their center-to-
center spacing would be 20 m to 25 m. If 
each cannister is to occupy no less than 
about 100 m 2 (cf Table IV) the spacing of 
the cannisters would have to be about 4 m 
apart for a single row of cannisters per 
tunnel, or 8 m apart if there were two 
rows per tunnel, as is illustrated in 
Figure 11. An uneven spacing for the can
nisters of about 4 m x 25 m will give rise 
to local temperature concentrations along 
the axis of least spacing, with signif
icant, thermally-induced tension normal to 
this axis between cannisters, especially 
in the short-term (cf Figure 8). Alter
natively, staggered spacing on each side 
of the tunnel in either vertical or hori
zontal boreholes appears to have a number 
of advantages. In both cases, the in
creased spacing between cannisters reduces 
significantly the magnitude of the ther
mally-induced tension, and in the case of 
the vertical boreholes this tension is 
further offset by the radial compression 
from the cannister on the other side of 
the tunnel. 

6. CONCLUSION 

The results presented in this report 
suggest that there are no fundamental rea
sons of a geomechanical nature why hard 
rock should not form a potentially satis
factory site for an underground repository 
for the isolation of radioactive wastes. 

Virgin states of stress have been iden
tified which would retard the ingress of 
groundwater and obviate the occurrence of 
faulting, even in the presence of water 
pressure equal to the hydrostatic head, in 
rock around repositories situated between 
0.5 km and 2 km below surface. To meet 
these requirements the value of the min
imum horizontal component of this state 
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Figure 11. A sketch showing alternative 
layouts for cannister bore
holes in a tunnel. Each lay
out has the same cannister 
density (1 cannister per 
100 ra2) but the proximity of 
adjacent cannisters and ad
verse interaction between 
them varies significantly. 
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of stress must be greater than two thirds 
that of the vertical component, and the 
maximum value of the stress difference 
should be less than 25 MPa. 

It is recommended that the area of the 
excavations in any one horizon occupy no 
more than 20 percent of the area of that 
horizon, to obviate adverse interaction 
between excavations. For depths of up to 
1.2 km, the laboratory uniaxial compres
sive strength of the rock should be 200 
MPa. Measurements of size effects on 
specimens up to about a meter need to be 
made, and site specific investigations of 
geological structure will be required. 

Neither local, short-term nor regional 
long-term thermomechanical stresses appear 
to pose serious difficulties, provided 
that power densities are kept below about 
16 W/m 2 and temperatures below 100°C. If 
this temperature is exceeded significantly 
even in the rock immediately around a can-
nister, thermal decrepitation of the bore
hole is likely to occur, making retrieval 
of the cannister difficult unless the 
borehole is cased. However, there is 
little experience concerning the effects 
of thermal loading on underground exca
vations and this aspect requires thorough 
experimental and theoretical investigation. 
There appear to be distinct advantages in 
certain dispositions of cannisters within 
individual tunnel-like excavations to 
obviate adverse interaction of the ther
momechanical stresses induced around the 
cannisters. 

A single repository comprising 3 hori
zons each with a total area of about 5 km^ 
separated by aboui 200 m appears to have 
the capacity to store waste with power out
put at 10 years after burial of the order , 
of 240 MW corresponding to a significant 
fraction of the 770 MW of high-level waste 
produced by 1200 G\V of installed nuclear 
capacity, especially if the waste has been 
cooled for 10 years before burial. 

Blomeke, J. 0. and Bond, W. D. (1976). 
High-level waste management research 
and development program at Oak Ridge 
National Laboratory in High-level Radio
active Waste Management. Campbell (Ed.) 
Advances in Chemistry Series 153, Amer. 
Chem. Soc. Washington, D. C. 

Carslaw, H. S. and Jaeger, J. C. (1959). 
Conduction of Heat in Solids. Second 
Edition, Oxford, Clarendon Press. 

Clark, S. P. Jr. (1966) (Ed.). Handbook 
of Physical Constants, The Geol. Soc. 
Amer. Inc., New York, Memoir 97. 

Cook, N. G. W, (1976). Methods of ac
quiring and utilizing geotechnical data 
for the design and construction of 
workings in rock, in Exploration for 

Hock Engineering, Proc. of the Svmp. on 
Exploration for Rock Engrg., Bieniawski 
(Ed.) Balkema, Cape Town and Rotterdam. 

Evans, I. and Pomeroy, C. D. (1958). The 
strength of cubes of coal in uniaxial 
compression, Mechanical Properties of 
Non-metallic and Brittle Materials. 
W. H. Walton (Ed.), Butterworths, 
London. 

Evans, I., Pomeroy, C. D., and Berenbaum, 
R. (1961). The compressive strength of 
coal, Colliery Engrg.. 38, pp, 75-80; 
123-7; 172-8. — 

Hodgson, K. and Cook, N. G. W. (1970), 
The effects of size and stress gradient 
on the strength of rock, Second Con
gress Int. Soc. of Rock Mech. Belgrade. 

Hoek, E. (1977). Structurally controlled 
instability in underground excavations, 
Energy Resources and Excavation Tech
nology Proc. 18th 0. S. Symposium on 
Rock Mvch,. Fun-Den Wang and Clark (Ed.) 
Coloraii-j School of Mines Press, Golden. 

Hoek, E., and Brown, E. T,, (1977). Under
ground Excavation Engineering, The In
stitution of Mining and Metallurgy, 
London, In Press. 

Jaeger, J. C.and Cook, N. G. W. (1976). 
Fundamentals of Rock Mechanics. Second 
Edition, Chapman and Hall, London, 
"A Halsted Press Book."John Wiley and 
Sons Inc., New York. 

Obert, L., Windes, S. L., and Duvall, W. I. 
(1946). Standardized tests for deter
mining the physical properties of mine 
rock, U. S. Bur. Mines Rept. Invest. 
3891. 

OECD Advisory Report on Tunneling, 1970, 
Washington, D. C. 

OWI (Office of Waste Isolation) (1976). 
National Waste Terminal Storage Program 
Progress Report prepared for the Energy 
Research and Development Administration. 

Pratt, H. R., Black, A. D., Brown, W. S. 
and Brace, W. F. (1972). The effect of 
specimen size on the mechanical proper
ties of unjointod diorite, Int. Jour, 
of Hock Mech. and Min. Sci., 9, 
pp. 513-29. -

Salamon, M. D. G., and Munro, A. H. (1967). 
A study of the strength of coal pillars. 
J. S. Afr. Inst. Min. Metal1., 68, 
pp. 55-67. — 

Timoshenko, S. P. and Goodier, J. N. (1951). 
Theory of Elasticity, Second Edition, 
McGraw Hill, New York. 



15 

Voigbt, B. (1966). Beziehung zwischen 
grossen borizontalen spannungen im 
Gebirge und der Tektonik und der Abtra-
gung, Proc. First Congress Int. Soc. of 
Rock Mech•, Lisbon, 2, pp. 45-50. 




